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What is the X(3872) ?

• EXP:   Resonance discovered by the Belle Collaboration in 2003 
through the decay B+→K++X and X(3872)➞J/ψππ, confirmed by 
many other experiments (Babar, CDF, D0) 

• TH:   no common agreement has been reached so far about the 
nature of this state.  Several interpretations have been proposed 
(charm-meson molecule, tetraquark state, charmonium, ...)

• Subject of the talk:  production of the X(3872) in hadron collisions

Can we learn something about  
the nature of the X(3872) from 
the measured production rate ?

Given the Tevatron data, can we 
predict accurately the production 
rate at the LHC?

two aspects
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OUTLINE

• The X(3872) as a loosely-bound charm-meson molecule

Ingredient: large scattering length     in the C=+1              scattering 
channel.                         

• In the molecule picture, what is the typical production 
rate expected at a hadron collider ? 

framework: factorized expression of the cross section that takes 
advantage of the very large scattering length:

                                   

• Given the Tevatron data on the X(3872), can we predict 
accurately the production rate at the LHC ?

framework: NRQCD factorization to separate the perturbative and 
nonperturbative momentum scales:

a

1/a! mπ, mc, pT

1/a, mπ ! mc, pT

D∗0D̄0
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The X(3872) as a loosely-bound     
charm-meson molecule
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• JPC=1++             the X(3872) has an S-wave coupling to             and 
                       hence should manifest itself as a pole in the                    
                       S-wave scattering  amplitude

•                                                                                .

       due to the tiny energy of the X(3872) relative to the             
threshold, we can consider an expression of the S-wave partial 
amplitude at low relative momentum          

The argument is based on two experimental facts: 

MX −MD∗0 −MD0 = −0.42± 0.39 MeV

The X(3872) as a loosely-bound charm-meson molecule

D∗0D̄0

D∗0D̄0

D∗0D̄0

f(k) =
1

k cot[δ0(k)]− ik
≈ 1
−1/a− ik

where           is the S-wave phase shift, and     is the scattering length.aδ0(k)

Unique pole at k = i/a
: virtual state

: bound state,

a < 0

a > 0 EX = 1/(2MD∗Da2)
〈r〉X = a/2mean separation:
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• Measured binding energy (in the             decay channel)

          X(3872) ≡ bound state is favored by the data.

• Predicted mean separation

          

EX = M∗0 + M0 −MX = 0.42± 0.39 MeV

J/ψππ

〈r〉X = 4.9+13.4
−1.3 fm

1. the mean separation of the constituents of 
the X(3872) is larger than for ordinary 
hadrons by an order of magnitude. 

2. the scattering length     is much larger than 
the range set by the interaction between 
the charm mesons

a

D∗0

D̄0

The X(3872) as a loosely-bound charm-meson molecule
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What is the typical production rate at a 
hadron collider ?
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• Observation by the CDF collaboration in the             decay channel

• The measured number of events                                relative to 
the number of events                               implies the estimates 

The X(3872) at CDF II — G. Bauer [DPF04] 3

Fig. 2. Projection of ψ(2S) likelihood fit
onto the uncorrected proper-time distri-
bution for the full PDF, and its break-
down into signal (shaded) and back-
ground (hatched) classes. Signal and
background are further separated into
prompt and long-lived components. The
projections are for candidates within
±2.5σ of the ψ(2S) mass in order to be
reflective of its signal-to-background ra-
tio. The fit actually spans the mass range
3640-3740 MeV/c2.
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Fig. 3. Projections of X-likelihood fit in mass (left), and uncorrected proper-time (right) as Fig. 2.

problematic.8 However, production of the X appears, so far, quite similar to that
of the ψ(2S) in CDF. If it is indeed a “molecule,” there seems to be no dramatic
penalty for producing such a fragile state in p̄p collisions. Although, more incisive
comparisons require specific theoretical models for the production of exotic states.
A recent analysis of X-production as a 1++ state9 may benefit from our results.

Studies of this mysterious state are continuing in CDF.
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Fig. 1. LEFT: The J/ψπ+π− mass distribution for Mππ <500 and >500 MeV/c2 subsamples.
RIGHT: Summary of X-mass measurements compared to the D0D∗0 threshold.

From Belle’s observation, B-mesons are a significant source of X ’s. This raises
some questions: Is the CDF sample only from b-hadrons? If not, is direct X pro-
duction different from charmonium? The technique of separating b-decay feeddown
from prompt sources is well established.7 Since X-decay is not weak, it is too rapid
to leave a displaced vertex. If, however, it is produced by a (boosted) b-decay, the X
will be displaced due to the b-lifetime. We measure the transverse X-displacement,
Lxy, and convert it to an “uncorrected” proper-time: ct = M ·Lxy/pT . This is not
the true proper-time of the b-decay because M and pT are only for the J/ψπ+π−.

We use the same X-sample as above, but now impose additional cuts related to
the Si-vertex tracker, mainly to demand σ(Lxy)<125 µm and have good beamline
information. The sample is reduced by ∼ 15%. An unbinned likelihood fit is per-
formed simultaneously over the ct and mass of the candidates. The signal is modeled
by a Gaussian in mass; and for the ct-distribution, a resolution smeared exponential
for the long-lived component and by the resolution function for the prompt. The
background model uses a quadratic polynomial for mass, and resolution function
for the prompt and three resolution smeared exponentials—one for the negative-ct
tail and two for the positive. The resolution function consists of two Gaussians.

The fit for ψ(2S) is shown in Fig. 2, where 28.3±1.0±0.7% of signal is displaced,
similar to Run I results.7 For X(3872), with Mππ >500 MeV/c2, the fraction is 16.1±
4.9±2.0% (Fig. 3)—a bit more than 2σ from the ψ(2S). These fractions agree with
those obtained by simple sideband subtraction. They are, however, uncorrected for
efficiency, and must be considered sample specific.7 The absence of a b-component is
excluded at 3σ based on Monte Carlo “experiments.” Thus our X-sample is mainly
prompt—presumably direct production—with a modest b-contribution.

It has been argued that all conventional cc̄ assignments for the X(3872) are

In high energy        collisions most of the high pT 
X are produced promptly by QCD mechanisms

pp̄

ψ(2S)→ J/ψππ

the prompt and b-decay mechanisms:

σprompt[X(3872)] Br[X → J/ψπ+π−] = (0.0335 ± 0.0055)(εψ/εX) σtotal[ψ(2S)], (10a)

σb-decay[X(3872)] Br[X → J/ψπ+π−] = (0.00643 ± 0.0023)(εψ/εX) σtotal[ψ(2S)], (10b)

where εX and εψ are the efficiencies for observing X(3872) and ψ(2S) events in this decay

sample. The ratio εψ/εX is likely to deviate from 1 by tens of percents rather than factors

of 2 [3]. The “total” cross section for ψ(2S) in Eqs. (10) is the sum of the prompt and

b-decay cross sections. The cross sections in Eqs. (10) should be interpreted as those for

production of X(3872) and ψ(2S) within the cuts used to define the two data samples. The

cut pT (J/ψ) > 4 GeV implies constraints on the transverse momenta of the X(3872) and

ψ(2S). The decay of X(3872) into J/ψπ+π− proceeds through its decay into J/ψρ∗, where

ρ∗ is a virtual ρ meson, with J/ψ nearly at rest in the X rest frame. Thus the momentum

components of X and J/ψ differ only by the factor MX/MJ/ψ. We can therefore interpret

the cross section on the left side of Eqs. (10a) as the prompt cross section for X → J/ψπ+π−

with pT (X) > 5.0 GeV. In the decay ψ(2S)→ J/ψπ+π−, the momentum of the J/ψ in the

ψ(2S) rest frame can range up to 0.5 GeV. Using Monte Carlo simulations, we have checked

that the cross section for ψ(2S) → J/ψπ+π− with pT (J/ψ) > 4 GeV can be approximated

by the cross section with pT (ψ(2S)) > 5 GeV within 12% accuracy.

To obtain estimates of the cross sections for X(3872) from Eqs. (10), we need a measure-

ment of the cross section for ψ(2S). The sum of the prompt and b-decay cross sections for

ψ(2S) in the phase-space region pT (ψ(2S)) > 5 GeV and |y(ψ(2S))| < 0.6 has been mea-

sured by the CDF Collaboration [21]. The product of this cross section and the branching

fraction for ψ(2S) into µ+µ− is 0.69± 0.01± 0.06 nb. The branching fraction into muons is

(7.5± 0.8)× 10−3 [22]. If we assume that the rapidity distribution for the X and the ψ(2S)

are similar in the acceptance region of the CDF detector, we can insert this cross section

measurement for ψ(2S) into Eqs. (10). Using the estimate εψ/εX ≈ 1, we find

σprompt[X(3872)] Br[X → J/ψπ+π−] ≈ 3.1 ± 0.7 nb, (11a)

σb-decay[X(3872)] Br[X → J/ψπ+π−] ≈ 0.59 ± 0.23 nb. (11b)

We interpret these as the cross sections for X(3872)→ J/ψπ+π− with pT (X) > 5 GeV and

|y(X)| < 0.6. The error bars come only from the uncertainties in the ψ(2S) cross sections

and the numerical factors in Eqs. (10). They do not include the systematic error from setting

8

PT(X)>5 GeV, |y(X)|<0.6

X(3872)→ J/ψππ

J/ψππ

X(3872) production in hadron collisions (exp.)

[Bauer, 2005 (CDF collaboration)]
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Production mechanism for the prompt fraction

typical relative momentum between      
and        produced at high pT in       
collisions:        

?
D∗0

D̄0

X(3872)

c

c̄

p̄

p

typical relative momentum 
between         and        bound 
in the X(3872): 

pp̄
D∗0

D̄0

naive picture:

D∗0 D̄0

• Most of the time, the charm mesons are expected to recoil from each other 
with a momentum much larger that the binding momentum of the X(3872)

we would expect a suppressed production rate in the molecule picture

• Is it possible to quantify this suppression and confront it to the experimental 
number of X(3872) events reported by the CDF collaboration ?

k ≈ mc = 1.5 GeV k ≈ 1/a ≈ 28 MeV

Bignamini, Grinstein, Piccinini, Polosa, Sabelli (2009)
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• Idea: use Monte-Carlo techniques to predict the number of              pair 
with a small relative momentum  

• Procedure:  - Pythia/Herwig to generate charm-meson events  
                  - normalization of the distributions using experimental data 
                     for            production      

• Result: 

D0D∗−

!p! 12 MeV. One can check that changing the value of
g2=4!!Oð10Þ has a small effect on the size of R.

Given the very small binding energy, we can estimate k

to be as large as k ’
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2"ð$0:25þ 0:40Þ

p
’ 17 MeV or of

the order of the center of mass momentum k ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
#ðm2

X;m
2
D;m

'2
D Þ

q
=2mX ’ 27 MeV. Given these consider-

ations, we can restrict the integration region to a ballR of
radius [18] ’ ½0; 35) MeV.

Since we assume that D-D' interactions have a range of
!1=m!, we expect a relative orbital angular momentum
‘ & k=m!; i.e., we can only allow S-wave resonance scat-
tering. Moreover, we expect that D0 "D'0 is a rather narrow
object, its width being almost equal to the width of its D'

component: #! 65 keV. This is compatible with the de-
termination of Belle and BABAR, which find that the width
of the Xð3872Þ in the J=c$ channel is <2:3 MeV at
90% C.L. On the other hand, attractive potentials do not
generate such sharp resonances in S wave. In higher par-
tial waves, the centrifugal angular momentum barrier al-
lows the formation of bound metastable states. Although
the D0 "D'0 molecule has to be a 1þþ state, we would need
the first even parity wave, namely, the D wave. Indeed,
in higher partial waves one can estimate the width of
the resonance to be #! !E ! E0ðkaÞ2‘$1, a being the
range of the interaction. Then, in the D-wave case, there
could have been a sharp resonance that we do not expect
in the S-wave case where we necessarily are. Other
molecule formation mechanisms under study, namely,
Feshbach resonances, could explain the narrowness of
these states [19].

Results.—As shown in Figs. 1 and 2, we can reproduce
the cross-section distributions in azimuth intervals !%
rather well for open charm production at CDF (see, for
example, [20] and the relative CDF internal notes), pro-

vided that we adopt some rescaling factors as to get the
right normalizations.
We have used HERWIG and PYTHIA to compute hadron

final states from 2 ! 2 QCD parton processes reaching a
Monte Carlo luminosityL! 100 nb$1. In Fig. 3, we show
the integrated cross section as a function of the center of
mass relative momentum in the D0 "D'0 molecule obtained
using HERWIG. To get the minimal experimental value of
&! 3:1* 0:7 nb, we need to include D0 "D'0 configura-
tions having up to krel ¼ 205* 20 MeV. Molecule candi-
dates in the ball of relative momenta R can account for
only 0.071 nb. Repeating the same calculation with
PYTHIA, see Fig. 4, we get krel ¼ 130* 15 MeV, whereas
in R we integrate 0.11 nb.
Simulating the real experimental situation of prompt

production of Xð3872Þ at CDF would require a further
increase of just a factor of 104 in the Monte Carlo lumi-
nosity, which is extremely CPU demanding. Yet, in con-
sideration of the stability of our results, we do not expect
significant variations from what we observed here.
In conclusion, we study gc "c events with one gluon at

p? > 5 GeV recoiling from the c "c pair, which, in turn, can
hadronize into open charm mesons very close in phase
space. We perform this computation at the parton level
using ALPGEN [21] and assuming the fragmentation func-
tions into open charm mesons to be set to 1. This corre-
sponds to an upper bound estimation. The results obtained
point at a definitely negligible contribution from these
configurations, being in the range of a few picobarns.
Conclusions.—We have simulated the production of

open charm mesons in high energy hadronic collisions at
the Tevatron. The generated samples have been examined
searching for D and D' mesons being in the conditions to
form, through resonant scattering, bound states with bind-

FIG. 3 (color online). The integrated cross section obtained
with HERWIG as a function of the center of mass relative
momentum of the mesons in the D0 "D'0 molecule. This plot is
obtained after the generation of 55+ 109 events with parton cuts
ppart
? > 2 GeV and jypartj< 6. The cuts on the finalDmesons are

such that the molecule produced has a p? > 5 GeV and jyj<
0:6.

FIG. 2 (color online). The same as in Fig. 1 but using PYTHIA.
We find that we have to rescale the PYTHIA cross sections by a
factor KPYTHIA ’ 0:74 to best fit the data on open charm pro-
duction. In both cases, the agreement of the Monte Carlo distri-
bution with data is remarkable.

PRL 103, 162001 (2009) P HY S I CA L R EV I EW LE T T E R S
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!ðp !p!Xð3872Þþ allÞprompt$BðXð3872Þ! J=c"þ"%Þ
!ðp !p! c ð2SÞþ allÞ

¼ 4:7'0:8%; (1)

where the uncertainty includes statistical and systematic
uncertainties but does not attempt to gauge the assumption
of equal detection efficiency. The acceptance of the c ð2SÞ
and Xð3872Þ candidates is not specified in [14], but from
the CDF II detector geometry and the indicated candidates’
selection, we can conservatively assume that the above
ratio applies for p? > 5 GeV and jyj< 1.

To derive an absolute Xð3872Þ cross section, we can use
the recently published [16] c ð2SÞ run II prompt differen-
tial cross-section measurement integrating from pT > 5
and taking Bðc ð2SÞ ! #þ#%Þ from [15]: !ðp !p !
c ð2SÞ þ allÞ ¼ 67' 9 nb for p?ðc ð2SÞÞ> 5 GeV,
jyðc ð2SÞÞj< 0:6.

Assuming that both Xð3872Þ and c ð2SÞ have the same
rapidity distribution in the range jyj< 1, we can finally
estimate a lower bound on the prompt production cross
section of Xð3872Þ as

!ðp !p!Xð3872ÞþallÞmin>!ðp !p!Xð3872ÞþallÞ
$BðXð3872Þ!J=c"þ"%Þ

¼3:1'0:7 nb (2)

in p?ðXÞ> 5 GeV, jyðXÞj< 0:6. We aim at comparing
!min

exp with some upper bound on the theoretical determi-
nation of the cross section: !max

th .
Estimating an upper bound for!th.—Let us suppose that

Xð3872Þ is an S-wave bound state of two D mesons,
namely, a 1=

ffiffiffi
2

p
ðD0 !D(0 þ !D0D(0Þ molecule (we will use

the shorthand notation D0 !D(0). Such a molecule has the
correct 1þþ quantum numbers of the Xð3872Þ. The
Xð3872Þ prompt production cross section at the Tevatron
could be written as

!ðp !p!Xð3872ÞÞ)
""""""""
Z
d3khXjD !D(ðkÞihD !D(ðkÞjp !pi

""""""""
2

’
""""""""
Z
R
d3khXjD !D(ðkÞihD !D(ðkÞjp !pi

""""""""
2

*
Z
R
d3kjc ðkÞj2

Z
R
d3kjhD !D(ðkÞjp !pij2

*
Z
R
d3kjhD !D(ðkÞjp !pij2

)!ðp !p!Xð3872ÞÞmax; (3)

where k is the relative 3-momentum between the Dðp1Þ,
D(ðp2Þ mesons. c ðkÞ ¼ hXjD !D(ðkÞi is some normalized
bound-state wave function characterizing the Xð3872Þ. R
is the integration region where c ðkÞ is significantly differ-
ent from zero. The first inequality is the Schwartz inequal-
ity: the equal sign holds only when c ðkÞ=hD !D(ðkÞjp !pi is
equal to a constant almost everywhere in the integration

region [17]. The matrix element hD !D(ðkÞjp !pi can be
computed using standard matrix-element or hadronization
Monte Carlo programs like HERWIG and PYTHIA. To do so,
we require our MC tools to generate 2 ! 2 QCD events
with some loose partonic cuts. Configurations with one
gluon recoiling from a c !c pair are expected to produce
two collinear charm quarks and in turn collinear open
charm mesons. The parton shower algorithms in HERWIG

and PYTHIA properly treat these configurations at low p?
whereas they are expected to be less important at higher
p?. Wewill also discuss these processes at the parton level.
In the hadron samples produced by the shower or hadro-

nization algorithm, we list the events containing D0 !D(0 as
a function of their center of mass relative momentum. At

this level, the only cuts are those on partons: ppart
? > 2 GeV

and jypartj< 6. If more than one D0 !D(0 pair is found in the
event, we select the pair having the smaller relative
3-momentum k.
We tune our MC tools on CDF data on D0D(% pair

production cross-section distributions in the "$ variable,
$ being the azimuthal angle in the transverse plane to the
beam axis z; see Figs. 1 and 2.
As for the determination of the region R in Eq. (3), we

estimate it having in mind a naı̈ve Gaussian ansatz for the
bound-state wave function. It is straightforward to estimate
the momentum spread of the Gaussian by assuming a
strong interaction Yukawa potential between the two D
mesons. Given that the binding energy E0 is E0 )MX %
MD %MD( ¼ %0:25' 0:40 MeV, we find that r0 ) 8 fm
(8:6' 1:1 fm) and applying the (minimal) uncertainty
principle relation, we get the Gaussian momentum spread

D0 :: y 1 :: 5.5 p 20 GeV

D :: y 1 :: 5.5 p 20 GeV

Herwig p part 2 GeV

0 50 100 150
0.0

0.5

1.0

1.5

2.0

2.5

3.0

d

CDF II vs MC

FIG. 1 (color online). The D0D(% pair cross section as func-
tion of "$ at CDF run II. The transverse momentum, p?, and
rapidity, y, ranges are indicated. Data points with error bars are
compared to the leading order event generator HERWIG. The cuts
on parton generation are ppart

? > 2 GeV and jypartj< 6. We have
checked that the dependency on these cuts is not significative.
We find that we have to rescale the HERWIG cross-section values
by a factor KHERWIG ’ 1:8 to best fit the data on open charm
production.

PRL 103, 162001 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

16 OCTOBER 2009

162001-2

σ[D∗0D̄0(k < kmax = 35 MeV)] = 0.071 nb

pT (D∗0D̄0) > 5 GeV
|y(D∗0D̄0)| < 0.6

Upper bound on the prompt cross section

D∗0D̄0

k ! 1/a

proposed as an upper bound for σ[X(3872)]
see Bignamini et al, 

PRL.103:162001,2009 
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Bignamini et al (th) CDF data (extrapolated)

if we adopt the molecule 
interpretation

σ[X] ! 0.1 nb σ[X].Br[X → J/ψππ]
≈ 3.1± 0.7 nb

FIG. 2: Cross sections for the inclusive production of D∗0D̄0 in pp̄ collisions at
√

s = 1.96 TeV. (a)

Differential cross section integrated over the region pT (D∗0D̄0) > 5 GeV and |y(D∗0D̄0)| < 0.6 as

a function of the relative momentum k of D∗0D̄0. The histogram is the hadron-level cross section

calculated using the Monte Carlo method described in the text. The solid curve is the parton-

level differential cross section integrated over the region pT (cc̄) > 5 GeV and |y(cc̄)| < 0.6 and

normalized to the hadron-level cross section in the region k < 1 GeV. (b) Cross section obtained

by integrating the parton-level differential cross section up to kmax. The dotted curves are simple

phase-space distributions.

of the experimental rate over the Monte Carlo rate in the first bin in ∆φ – is 1.62. This

same rescaling factor was then applied to the distributions of D∗0D̄0 events.

Having fixed the normalization of our Monte Carlo distributions, we proceed to calculate

the production rate of D∗0D̄0 with small relative momentum at the Tevatron, run II. The

differential cross section is displayed as a histogram in the relative momentum k in Fig. 2(a).

The distribution, which was obtained by generating about 5 × 106 events, is as smooth as

the distribution in Ref. [6], which was obtained by generating more than 5 × 1010 events.

For k less than about 300 MeV, the shape of the Monte Carlo distribution is consistent with

k2, in accord with simple phase-space suppression.

The results of our calculation using MadGraph and the event generator Pythia can be

reproduced approximately using a simpler method that does not require any event generator.

We assume that a D∗0D̄0 pair with small relative momentum k is formed from a cc̄ pair with

approximately the same relative momentum k. The resulting approximation for the D∗0D̄0

14

Production of the X at the Tevatron:    (pT>5 GeV, |y|<0.6)

X(3872) as a 
molecule 

ruled out ?

Phase-space 
suppression

The suppression has a phase-space origin:

The cross section                                        

estimated from Herwig or Pythia scales 

like the phase-space weight           in the 

region                           

k3
max

kmax < 400 MeV

σ[D∗0D̄0(k < kmax)]

implicit assumptions 

•  that the production amplitude is 
insensitive to     in that region
•  that there is effectively no effect 
from charm meson rescattering

k
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Charm-meson rescattering effects

Reminder: close to threshold, the S-wave              scattering 
amplitude is given by  

D∗0D̄0

f(k) ≈ 1
−1/a− ik

•  if                   (= the range of interaction)    

      expect no dramatic effect from charm-meson rescattering at small 

•  but we have seen that 

      the amplitude has a pole close to threshold

Due to the presence of an S-wave resonance very close to threshold, we 
expect rescattering to allow charm mesons created with              to 
rescatter into   

a ≈ Λ−1

k

a! Λ−1

k ≈ Λ
k ≈ 1/a
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Estimate of the cross section

• The large scattering length allows us to derive a factorization 
formula that determines the dependence of the production rate 
on the binding energy of the X(3872)

dependence on the 
binding momentum

includes the dependence  on the 
momentum scales of order mπ 
and larger, can be approximated 

with Pythia/Herwig

The upper bound Λ should be identified to the inverse range of 
interaction between the charm mesons.  For                                    ,    
the cross section ranges from 1.5 to 23 nb. 

1/a =
√

2MDD∗EX

Λ = mπ/2, mπ, 2mπ

σ[X(3872)] ≈ σnaive[D∗0D̄0(k < Λ)]︸ ︷︷ ︸×
6π
√

2MDD∗EX

Λ︸ ︷︷ ︸

•  estimate exceeds proposed upper bound of BGPPS by factor of 20-350

•      approaches 0 as                 in accord with naive expectations but 
only as  

σ EX → 0
E1/2

X
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• In order to verify the effects from charm-meson 
rescattering, the authors suggest to search for a 
loosely-bound Xs (1++) molecule (partner with 
strange light quarks of the X(3872))

• They also point out that additional hadrons 
produced in the vicinity of the charm-meson 
pairs may rescatter with the charm mesons
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In a recent Letter we have proposed a method to estimate the prompt production cross section of
X(3872) at the Tevatron assuming that this particle is a loosely bound molecule of a D and a D̄∗ meson.
Under this hypothesis we find that it is impossible to explain the high prompt production cross section
found by CDF at σ (X(3872)) ∼ 30–70 nb as our theoretical prediction is about 300 times smaller than the
measured one. Following our work, Artoisenet and Braaten, have suggested that final state interactions
in the D0 D̄∗0 system might be so strong to push the result we obtained for the cross section up to the
experimental value. Relying on their conclusions we show that the production of another very narrow
loosely bound molecule, the Xs = Ds D̄∗

s , could be similarly enhanced. Xs should then be detectable at
CDF with a mass of 4080 MeV and a prompt production cross section of σ (Xs) ∼ 1–3 nb.
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1. Introduction

In a recent Letter [1] we have proposed a method for estimating
the prompt production cross section of X(3872) [2] at the Tevatron
making the assumption that X is a loosely bound molecule of D
and D̄∗ , with a binding energy as small as E0 = −0.25±0.40 MeV.
The motivation for this study is that, after the Belle discovery, CDF
and D0 confirmed the X(3872) in proton–antiproton collisions [3,
4] and it seems at odds with common intuition that such a loosely
bound molecule could be produced promptly (i.e. not from B de-
cay) in a high energy hadron collision environment. This was also
one of the initial motivations to consider the possibility that the
X(3872) could be, instead of a molecule, a ‘point-like’ hadron
resulting from the binding of a diquark and an antidiquark [5],
following the interpretation proposed by Jaffe and Wilczek [6] of
pentaquark baryons (antidiquark–antidiquark–quark).

To start let us summarize the content of [1]. Let us suppose
that X(3872) is an S-wave bound state of two D mesons, namely
a 1/

√
2(D0 D̄∗0 + D̄0D∗0) molecule (we will use the shorthand

notation D0 D̄∗0).1 The molecule production cross section will be
proportional to the number of D0 D̄∗0 pairs in the event. Thus the

* Corresponding author.
E-mail address: antonio.polosa@roma1.infn.it (A.D. Polosa).

1 Such a molecule has the correct 1++ quantum numbers of the X(3872).

X(3872) prompt production cross section at the Tevatron could be
written as:

σ
(
pp̄ → X(3872)

)
∼

∣∣∣∣

∫
d3k

〈
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∣∣DD̄∗(k)

〉〈
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R

d3k
∣∣〈DD̄∗(k)

∣∣pp̄
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∼ σ
(
pp̄ → X(3872)

)max
(1)

where k is the relative 3-momentum between the D(p1), D∗(p2)
mesons. ψ(k) = 〈X |DD̄∗(k)〉 is some normalized bound state wave
function characterizing the X(3872). R is the integration re-
gion where ψ(k) is significantly different from zero. The matrix
element 〈DD̄∗(k)|pp̄〉 can be computed using standard matrix-
element/hadronization Monte Carlo programs (MC) like Herwig [7]

0370-2693/$ – see front matter  2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2010.01.037
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• In order to verify the effects from charm-meson 
rescattering, the authors suggest to search for a 
loosely-bound Xs (1++) molecule (partner with 
strange light quarks of the X(3872))

• They also point out that additional hadrons 
produced in the vicinity of the charm-meson 
pairs may rescatter with the charm mesons
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1. Introduction

In a recent Letter [1] we have proposed a method for estimating
the prompt production cross section of X(3872) [2] at the Tevatron
making the assumption that X is a loosely bound molecule of D
and D̄∗ , with a binding energy as small as E0 = −0.25±0.40 MeV.
The motivation for this study is that, after the Belle discovery, CDF
and D0 confirmed the X(3872) in proton–antiproton collisions [3,
4] and it seems at odds with common intuition that such a loosely
bound molecule could be produced promptly (i.e. not from B de-
cay) in a high energy hadron collision environment. This was also
one of the initial motivations to consider the possibility that the
X(3872) could be, instead of a molecule, a ‘point-like’ hadron
resulting from the binding of a diquark and an antidiquark [5],
following the interpretation proposed by Jaffe and Wilczek [6] of
pentaquark baryons (antidiquark–antidiquark–quark).

To start let us summarize the content of [1]. Let us suppose
that X(3872) is an S-wave bound state of two D mesons, namely
a 1/

√
2(D0 D̄∗0 + D̄0D∗0) molecule (we will use the shorthand

notation D0 D̄∗0).1 The molecule production cross section will be
proportional to the number of D0 D̄∗0 pairs in the event. Thus the
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1 Such a molecule has the correct 1++ quantum numbers of the X(3872).

X(3872) prompt production cross section at the Tevatron could be
written as:
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∼
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where k is the relative 3-momentum between the D(p1), D∗(p2)
mesons. ψ(k) = 〈X |DD̄∗(k)〉 is some normalized bound state wave
function characterizing the X(3872). R is the integration re-
gion where ψ(k) is significantly different from zero. The matrix
element 〈DD̄∗(k)|pp̄〉 can be computed using standard matrix-
element/hadronization Monte Carlo programs (MC) like Herwig [7]
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1. Introduction

In a recent Letter [1] we have proposed a method for estimating
the prompt production cross section of X(3872) [2] at the Tevatron
making the assumption that X is a loosely bound molecule of D
and D̄∗ , with a binding energy as small as E0 = −0.25±0.40 MeV.
The motivation for this study is that, after the Belle discovery, CDF
and D0 confirmed the X(3872) in proton–antiproton collisions [3,
4] and it seems at odds with common intuition that such a loosely
bound molecule could be produced promptly (i.e. not from B de-
cay) in a high energy hadron collision environment. This was also
one of the initial motivations to consider the possibility that the
X(3872) could be, instead of a molecule, a ‘point-like’ hadron
resulting from the binding of a diquark and an antidiquark [5],
following the interpretation proposed by Jaffe and Wilczek [6] of
pentaquark baryons (antidiquark–antidiquark–quark).

To start let us summarize the content of [1]. Let us suppose
that X(3872) is an S-wave bound state of two D mesons, namely
a 1/

√
2(D0 D̄∗0 + D̄0D∗0) molecule (we will use the shorthand

notation D0 D̄∗0).1 The molecule production cross section will be
proportional to the number of D0 D̄∗0 pairs in the event. Thus the
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1 Such a molecule has the correct 1++ quantum numbers of the X(3872).

X(3872) prompt production cross section at the Tevatron could be
written as:
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where k is the relative 3-momentum between the D(p1), D∗(p2)
mesons. ψ(k) = 〈X |DD̄∗(k)〉 is some normalized bound state wave
function characterizing the X(3872). R is the integration re-
gion where ψ(k) is significantly different from zero. The matrix
element 〈DD̄∗(k)|pp̄〉 can be computed using standard matrix-
element/hadronization Monte Carlo programs (MC) like Herwig [7]
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Xs to be bound 

Interesting 
point, needs 
to be further 
investigated
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Given the Tevatron data on the 
X(3872), can we predict accurately  
the production rate at the LHC ?
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• Aim: predict the differential cross section for prompt production 
of X(3872) at the LHC

• The prompt production of X(3872) proceeds via the production 
of a charm-quark pair with small relative momentum.                   
Therefore we can use the NRQCD framework to factorize all 
the effects from momentum scales much smaller than mc into 
long-distance matrix elements 

NRQCD factorization

c D∗0

c̄
D̄0

D∗0

D̄0

c

c̄

X(3872)

σ[X(3872)] =
∑

n

σ̂[cc̄n]〈OX
n 〉

〈OX
n 〉
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NRQCD factorization

Different hypotheses can be made on the long-distance matrix 
elements            to reduce them to a single non-perturbative 
parameter

• S-wave dominance. The X(3872) is equally likely to be formed 
from any     pair that is created with small relative momentum in an 
S-wave state, regardless of the color or spin state of the       pair. 

• Color-octet 3S1 dominance. The X(3872) can be formed only 
from a      pair that is created with a small relative momentum in a 
color-octet 3S1 state. 

The resulting non-perturbative parameter can be constrained by 
the measurement of the prompt cross section at the Tevatron

〈OX
n 〉

cc̄
cc̄

cc̄
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Predicted rate at the LHC

FIG. 4: Cross sections for X(3872) → J/ψπ+π− in pp collisions at
√

s = 7 TeV. The graphs

are the transverse momentum (pT ) distribution for |y| < 2.4 (left panel) and the rapidity (y)

distribution for pT > 5 GeV (right panel). The curves are for prompt production assuming color-

octet 3S1 dominance (solid) or S-wave dominance (dotted) and for production from b-hadron decay

(dashed).

in Section V C. The normalization of the b decay cross section is determined by the product

of branching fractions given in Eq. (30).

We first consider the production of X(3872) in the phase-space region covered by the CMS

and ATLAS detectors. In Fig. 4, we show the pT distributions integrated over the rapidity

range |y| < 2.4 and the rapidity distributions integrated over the region pT > 5 GeV.

The qualitative behavior of these curves is similar to those for the Tevatron in Fig. 3.

The differences in the prompt cross section from different simplifying assumptions for the

NRQCD matrix elements are negligible for pT greater than about 5 GeV. The prompt and

b-decay cross sections integrated over the region pT > 5 GeV and |y| < 2.4 are predicted to

be about 49 nb and 8.2 nb, respectively. The fraction of X(3872) events from b-hadron decay

is predicted to increase from 10% at pT = 5 GeV to 35% at pT = 50 GeV. However there

are large uncertainties in the predictions. The statistical uncertainties in the normalizing

factors are 23% for the prompt cross section and 39% for the b-decay cross section. There are

also additional theoretical errors from the masses of the charm and bottom quarks and from

the choices of the factorization and renormalization scales. Although these uncertainties

are large, they will partly cancel between the extraction of the normalizing factors from the

Tevatron data and the calculation of the cross sections at the LHC.

25

Cross section for X(3872)→ J/ψππ in pp collisions at 
√

s = 7 TeV

•  The predicted rate is 
more than an order of 
magnitude larger than for 
the CDF detector at the 
Tevatron, given the same cut 
on pT of the X and the same 
integrated luminosity

•  There is a very small 
sensitivity to the assumption 
on the long-distance matrix 
element

|y(X)|<2.4
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Conclusion

• In the molecule interpretation of the X(3872), the unnaturally 
large scattering length     has to be taken into account correctly 
in estimating the production rate at the Tevatron 

• The current data on the production rate at the Tevatron is 
compatible with the interpretation of the X(3872) as a loosely-
bound charm-meson molecule

• Given the Tevatron data on the X(3872) production rate, the 
NRQCD factorization can be used to predict the differential rate 
at the LHC

• The large data samples of the X(3872) expected at the LHC will 
allow precise measurements of various properties of the X(3872)

a
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